B-cell malignancies routinely express surface antigens CD19 and CD22. Immunotoxins against both antigens have been evaluated, and the immunotoxins targeting CD22 are more active. To understand this disparity in cytotoxicity and guide the screening of therapeutic targets, we compared two immunotoxins, FMC63(Fv)-PE38-targeting CD19 and RFB4(Fv)-PE38 (BL22)-targeting CD22. Six lymphoma cell lines have 4-to 9-fold more binding sites per cell for CD19 than for CD22, but BL22 is 4-to 140-fold more active than FMC63(Fv)-PE38, although they have a similar cell binding affinity (Kd, f7 nmol/L). In 1 hour, large amounts of BL22 are internalized (2-to 3-fold more than the number of CD22 molecules on the cell surface), whereas only 5.2% to 16.6% of surface-bound FMC63(Fv)-PE38 is internalized. The intracellular reservoir of CD22 decreases greatly after immunotoxin internalization, indicating that it contributes to the uptake of BL22. Treatment of cells with cycloheximide does not reduce the internalization of BL22. Both internalized immunotoxins are located in the same vesicles. Our results show that the rapid internalization of large amounts of BL22 bound to CD22 makes CD22 a better therapeutic target than CD19 for immunotoxins and probably for other immunoconjugates that act inside cells. [Cancer Res 2008;68(15):6300-5] 
Introduction
Cancer is the second leading cause of death in the United States. At the end of the 19th century, Paul Ehrlich proposed that it should be possible to develop drugs that would act as ''magic bullets'' and kill tumor cells with high specificity (1) . The generation of monoclonal antibodies (mAb) has begun to fulfill this goal, and they are widely used as diagnostic tools and therapeutic agents (2) . Several mAbs have been approved for clinical use and are effective against some types of tumors (2) . However, many cancers are resistant to treatment with mAbs. Thus, a great effort has been devoted to arming antibodies with cytotoxic drugs, radioisotopes, or toxins to enhance their therapeutic effects (3) .
Immunotoxins (IT), fusion proteins of antibody and toxin, derive their potency from the activity of the toxin and the number of molecules internalized. The specificity of the ITs result from the particular antibody to which they are attached. CD19 is a transmembrane glycoprotein that is widely expressed through normal B-cell development and by many B-lineage malignancies (4, 5) . Thus, CD19 has been an attractive target for IT therapy. Several different anti-CD19 ITs have been constructed and shown to have in vitro activity (6) (7) (8) (9) , but in clinical trials, these ITs have not shown durable responses (10) (11) (12) (13) (14) (15) . CD22 is another B-cell surface glycoprotein expressed on normal and malignant B cells (16, 17) . ITs against CD22 showed potent in vitro activity (18, 19) and have produced striking results in clinical trials for patients with drug-resistant hairy cell leukemia (20, 21) . Given the abundant expression of CD19 and CD22, one possible explanation for better response when targeting CD22 is that the anti-CD19 ITs are not as potent for killing malignant cells as anti-CD22 ITs, a possibility that has been raised in comparison studies (9, (22) (23) (24) .
Using the anti-CD22 IT RFB4(Fv)-PE38 (BL22), our laboratory has shown that the IC 50 values for most cell lines range from 1 to 10 ng/mL (18, 25) , whereas a recent report with an anti-CD19 IT with a similar but not identical structure reported IC 50 values in the 100 ng/mL range (26) . Because these ITs are purified in different ways and contain slightly different forms of Pseudomonas exotoxin (PE), we prepared anti-CD19 and anti-CD22 CD22 ITs with similar methods, using the same PE38 form of the toxin so we could more directly compare them. To target CD19, we chose to use the Fv region of the FMC63 mAb because it is able to be internalized (27) , and to target CD22, we used BL22 derived from the RFB4 mAb. We have compared the expression of CD19 and CD22 on various malignant B-cell lines, the cytotoxic activities of the two ITs, and their rates and amounts of internalization. We also studied the contribution of intracellular CD22 to the rapid internalization of BL22 and determined intracellular localization of both ITs after their endocytosis. We found that the better cytotoxicity of BL22 results from its fast internalization rate, not from the different internalization pathway.
Materials and Methods
Cell lines. Human B-cell lymphoma cell lines BL74, CA46, DOHH2, KEMI, Raji, and Ramos were used in the current study. BL74 and KEMI were grown in Iscove's modified Dulbecco's medium with 10% fetal bovine serum (FBS). CA46, DOHH2, Raji, and Ramos were grown in RPMI 1640 with 10% FBS.
Preparation of ITs. DNA sequences of the variable regions of immunoglobulin heavy chain (V H ) and light chain (V L ) for anti-CD19 mAb FMC63 (28) were retrieved from the European Bioinformatics Institute. 1 From the V H and V L sequences, a single chain Fv (scFv) open reading frame was designed to contain an NdeI site at the 5 ¶ end followed by the V H , a (GGGGS) Â4 linker, and a V L with a HindIII restriction site at the 3 ¶ end. The gene was codon optimized for expression in Escherichia coli, and the DNA was synthesized by Blueheron Biotechnology, Inc. and inserted into pUC19. The scFv DNA was isolated from pUC19 by digestion with NdeI and HindIII and ligated into a T7 expression vector creating an in-frame fusion with PE38 (29) . The plasmid sequence was verified by DNA sequencing.
The expression plasmid was transformed into E. coli strain BL21 (EDE3). One liter of culture was grown and induced at OD 600 of 2.0. The cell pellet from the culture was processed as previously described (29) ; 200 mg of inclusion body protein was refolded and purified (29) . The final yield was 2.5%.
The anti-CD22 IT BL22 was reported previously (18) . FMC63(Fv)-PE38 and BL22 were labeled with Alexa-488 or Alexa-594 according to the manufacturer's instructions (Invitrogen).
Antigen expression, cytotoxicity, and affinity of ITs. To determine the amount of CD19 or CD22 expressed on the surface of B-cell lymphoma cell lines, we conducted two-step staining using the same second antibody to normalize the expression level. Cells (5 Â 10 5 ) were incubated on ice with 10 Ag/mL (saturating concentration) anti-CD19 FMC63 mAb (Millipore) or anti-CD22 RFB4 mAb (purified from hybridoma supernatant in our laboratory), or an isotype control IgG1 (Sigma). After washing, cells were incubated with goat anti-mouse PE-conjugated F(ab)' 2 (BioSource). Median fluorescence intensity (MFI) was analyzed with a FACSCalibur flow cytometer (BD Biosciences). QuantiBRITE PE Beads (BD Biosciences) were used as PE fluorescence standard to calculate the number of CD19 or CD22 sites per cell. For the following internalization and intracellular measurements, these surface antigen sites were represented by MFI of saturated binding on ice and were used to calculate the number of internalized and intracellular molecules based on their respective MFIs.
Cytotoxicity of ITs was measured by a cell viability assay using WST-8 (Dojindo Molecular Technologies) as reported previously (30) . To evaluate the cell binding ability of ITs, different concentrations of Alexa-488-labeled FMC63(Fv)-PE38 and BL22 were incubated with DOHH2 cells on ice, and then analyzed with FACSCalibur. Binding saturation curves, nonlinear regression analysis, and Scatchard plots were generated using Graph Pad Prism (Graph Pad Software, Inc.).
Internalization of ITs. For the time course of internalization, CA46 or DOHH2 cells were incubated with 100 or 10 nmol/L Alexa-488-labeled FMC63(Fv)-PE38 or BL22 at 37jC for 0.25, 0.5, 1, 2, and 4 h. To compare internalization between different cell lines, BL74, CA46, DOHH2, KEMI, Raji, or Ramos cells were incubated with 100 or 10 nmol/L Alexa-488-labeled FMC63(Fv)-PE38 or BL22 at 37jC for 1 h. The cells were then stripped with glycine buffer [0.2 mol/L (pH 2.5) and 1 mg/mL bovine serum albumin] to remove surface-bound ITs and analyzed with FACSCalibur. The surfacebound amount at saturated concentration was conducted with 100 nmol/L ITs on ice for 30 min. Alexa-488-labeled SS1P, an IT against mesothelin, was used as negative control (31) .
To study the effect of protein synthesis inhibitor on BL22 internalization, DOHH2 cells were incubated with 20 Ag/mL cycloheximide at 37jC for 0, 2, or 4 h. Then, 100 nmol/L Alexa-488-labeled BL22 was added and incubated at 37jC for an additional 30 or 60 min. Cells were stripped with glycine buffer and analyzed by flow cytometry.
To visualize the internalization by confocal fluorescence microscopy, D-polylysine-treated cover glass slides (BD Biosciences) were placed into 24-well plates. CA46 cells (3 Â 10 5 ) in 0.35 mL were added to each well. Cells were incubated at 37jC with 100 nmol/L Alexa-488-labeled FMC63(Fv)-PE38 for 2 h, and then 100 nmol/L Alexa-594-labeled BL22 was added and incubated for another hour. Cells were concentrated onto slides by microcentrifuge (1,200 rpm Â 5 min) and washed once with PBS once. ITs bound to the cell surface were stripped off by incubation in 0.35 mL glycine buffer for 10 min on ice followed by neutralization with 0.35 mL Tris (0.5 mol/L; pH 7.4) and a washed with PBS. Cells were then fixed in 3.7% formaldehyde for 1 h on ice. Cells were incubated with 4 ¶,6-diamidino-2-phenylindole for 5 min at room temperature and washed once. After air drying, cover slides were mounted with ProLong Gold antifade reagent (Invitrogen). To monitor surface binding, cells were incubated with 100 nmol/L Alexa-488-labeled FMC63(Fv)-PE38 or Alexa-594 labeled BL22 on ice for 1 h and were processed without acid stripping. Slides were then analyzed with a Zeiss LSM 510 laser scanning microscopy (Carl Zeiss).
Intracellular CD22 measurement. To measure intracellular CD22, cells were incubated with 100 nmol/L of RFB4 mAb on ice for 30 min to block surface CD22. Then, cells were fixed and permeablized with FIX&PERM cell permeabilization kit (Invitrogen). After incubation with 100 nmol/L Alexa-488-labeled RFB4 mAb or 100 nmol/L Alexa-488-labeled SS1P (as negative control) on ice for 30 min, cells were analyzed with flow cytotmetry. To measure surface expression of CD22, cells were incubated with 100 nmol/L Alexa-488-labeled RFB4 mAb on ice for 30 min.
To detect change of intracellular CD22 levels after RFB4 internalization, cells were incubated at 37jC with or without RFB4 (100 nmol/L) for 1 h. The cell surface CD22 was then blocked by incubation with RFB4. Cells were then fixed, permeablized, and stained with Alexa-488-labeled RFB4. For the internalization measurement, cells were incubated with 100 nmol/L of Alexa-488 labeled RFB4 at 37jC for 1 h. Then, the cells were stripped with glycine buffer to remove any RFB4-Alexa-488 remaining on the cell surface.
Results
CD19 and CD22 expression, and cytotoxicity of ITs. The surface expression levels of CD19 and CD22 were examined on six B-cell lymphoma lines: BL74, CA46, DOHH2, KEMI, Raji, and Ramos. CD19 levels ranged from 210,000 to 578,000 sites per cell. In contrast, CD22 levels were 4-to 9-fold lower and ranged from 26,000 to 94,000 sites per cell (Table 1) . Despite the fewer CD22 binding sites, BL22 was 25-to 140-fold more cytotoxic than the anti-CD19 IT FMC63(Fv)-PE38, except on KEMI cells where there was only a 4-fold increase in activity ( Fig. 1A ; Table 1 ). The IC 50 s of BL22 ranged from 0.6 to 14 ng/mL, whereas the IC 50 s of FMC63(Fv)-PE38 ranged from 50 to 550 ng/mL. The activities of both ITs were specific for the Fv because the IC 50 of SS1P, an IT with the same PE38-targeting mesothelin (which is not present on the cell lines tested), was >1,000 ng/mL (data not shown). One possible explanation for the difference in cytotoxic activity could be affinity. As shown in Fig. 1B , the affinities of the FMC63(Fv)-PE38 and BL22 are almost identical (Kd, f7 nmol/L) when measured on DOHH2 cells, although the IC 50 s of both ITs differ by >100-fold. This finding indicates that cell binding affinity is not the reason for the low cytotoxic activity of the FMC63(Fv)-PE38.
Internalization rate for FMC63(Fv)-PE38 and BL22. To kill target cells, ITs must be internalized by endocytosis (32, 33) . To study internalization, both ITs were labeled with Alexa-488. Internalization was measured at two concentrations of each IT (100 and 10 nmol/L) and was compared with the amount of IT bound to the cell surface at a saturated concentration. This value was set as 100%. As shown in Fig. 2 , at 100 nmol/L, 40,000 molecules of FMC63(Fv)-PE38 (11%) were internalized by CA46 cells after 15 minutes and 82,000 molecules (23%) after 4 hours. At 10 nmol/L, 7,000 molecules of FMC63(Fv)-PE38 (2.0%) were internalized by CA46 cells after 15 minutes and 19,000 molecules (5.4%) after 4 hours. However, BL22 was internalized at a much faster rate. At 100 nmol/L, 216,000 molecules of BL22 (230%) were internalized by CA46 cells after 15 minutes and 229,000 molecules (240%) after 4 hours. At 10 nmol/L, 90,000 molecules of BL22 (96%) were internalized by CA46 cells after 15 minutes and 148,000 molecules (157%) after 4 hours. Similar results were observed using DOHH2 cells (Fig. 2) .
The internalization of FMC63(Fv)-PE38 and BL22 at 100 and 10 nmol/L were also measured on four other cell lines (Supplementary Table S1 ). At 100 nmol/L, the amount of internalized BL22 is 2.8-to 4.6-fold greater than that of FMC63(Fv)-PE38. At 10 nmol/L, there is relatively more BL22 internalized than FMC63(Fv)-PE38 (6.5-to 16.5-fold). In five of the six cell lines, we observed that the amount of BL22 internalized exceeded the amount bound on the cell surface by 2-to 3-fold, indicating that, except for the initial surface CD22, there might be additional CD22 molecules recruited to the cell surface over time, allowing a greater degree of BL22 internalization.
Intracellular CD22 contributes to the rapid internalization of BL22. To determine whether an intracellular reservoir of CD22 contributes to the fast internalization of BL22, we measured the amount of intracellular CD22. The intracellular CD22 molecules of BL74, CA46, DOHH2, KEMI, Raji, and Ramos cells are 27,000, 98,000, 53,000, 13,000, 71,000, and 50,000, respectively. The intracellular CD22 levels usually exceed surface CD22 levels (100-140%), except in KEMI cells (39%). We monitored the intracellular CD22 level after incubation with or without RFB4 mAb at 37jC. BL22 was not used because we found that permeabilization buffer disrupted BL22/CD22 complexes and affected the measurement of intracellular CD22 (data not shown). To overcome this difficulty, we used mAb RFB4, which has a higher avidity than BL22 but contains the same Fv. As shown in Fig. 3A , intracellular CD22 of CA46 cells (MFI, 360) increased slightly after incubation without RFB4 (MFI, 506) but dropped quickly after incubation with RFB4 (MFI, 102). Likewise, intracellular CD22 of DOHH2 cells (MFI, 138) increased slightly after incubation without RFB4 (MFI, 165), whereas it dropped quickly after incubation with RFB4 (MFI, 31). We compared the amount of internalized RFB4, intracellular CD22, and intracellular CD22 after RFB4 internalization. For all the cell lines, detectable intracellular CD22 level decreased greatly after incubation with RFB4 (Table 2) . It is worth noting that the internalized RFB4 almost equals the surface CD22 plus the decrease of intracellular CD22, which suggests that intracellular CD22 contributes to the quick internalization of BL22.
We also examined the contribution of newly synthesized CD22 to the amount of BL22 internalized. Cycloheximide was used to inhibit protein synthesis to eliminate fresh CD22. As shown in Fig. 3B (left) , cycloheximide treatment decreased surface-bound BL22 from 46,000 (no cycloheximide) to 35,000 and 29,000 (cycloheximide 2 hours and cycloheximide 4 hours). One possible explanation for this is that the surface CD22 is undergoing endocytosis constitutively (34) . However, the internalization of BL22 only slightly decreased with cycloheximide treatment (Fig. 3B,  right) . Although this slight decrease in internalization may be due to decreased surface CD22, our results indicate that inhibiting protein synthesis does not have a significant effect on BL22 internalization.
Subcellular localization of FMC63(Fv)-PE38 and BL22. Although BL22 is internalized much faster and to a greater extent than FMC63(Fv)-PE38, a different endocytic pathway could also account for the difference in cytotoxicity. To examine this possibility, we used confocal fluorescence microscopy because this method is widely used for subcellular colocalization of proteins (35) . We found FMC63(Fv)-PE38 and BL22 were bound to cell surface on ice (Fig. 4A) . Although after incubation at 37jC, both ITs were internalized into cells (Fig. 4B) . Strong colocalization was observed between the two ITs, suggesting that both ITs use a similar endocytic pathway, which may exclude different trafficking as one of the reasons for the lower cytotoxicity of FMC63(Fv)-PE38.
Discussion
Because ITs are developed for treatment of cancer, the factors influencing the cytotoxic efficacy are studied extensively (36) (37) (38) (39) (40) (41) (42) . Those factors include type of antigen and target cell, antigen density, IT-binding affinity, and IT-binding epitope, which eventually determines the number of IT-internalized or intracellular route after internalization.
Both CD19 and CD22 are well-known B-cell surface marker proteins, yet the anti-CD19 and anti-CD22 ITs exerted different efficacies (8, (22) (23) (24) . In the current study, we compared two ITs derived from PE38, FMC63(Fv)-PE38, and BL22 (against CD19 and CD22, respectively). Although the expression level of CD19 is greater than that of CD22, BL22 is 4-to 100-fold more cytotoxic than FMC63(Fv)-PE38. Our results suggest that the intracellular traffic route is not the reason for the lower activity of FMC63(Fv)-PE38 because both ITs share similar subcellular localization. Previous studies showed that ITs targeting different epitopes on the same antigen can show different cytotoxic activities (30, (40) (41) (42) . Although we only examined one IT to CD19 in this study, we believe that epitope differences do not account for the low cytotoxic activity observed with FMC63(Fv)-PE38 because CD19 has been shown to possess a single dominant epitope or adjacent epiptopes (43) . To confirm this, we examined the ability of four different anti-CD19 antibodies (J25.C1, HD37, CB19, and HIB19) to compete with FMC63 and found all of them were able to completely block the binding of FMC63 to cells (data not shown). The remarkable difference between the amounts of internalized ITs ( Fig. 2 ; Supplementary Table S1) indicates that a lower level of internalization is the likely reason for the weaker activity of FMC63(Fv)-PE38. The slow internalization of our anti-CD19 IT is consistent with the report of slow internalization of mAbs to CD19 by chronic lymphocytic leukemia cells (44) . As shown in the internalization assay at 100 and 10 nmol/L, a lower concentration of FMC63(Fv)-PE38 resulted in a disproportionately reduced level off internalization, as compared with BL22. It is imaginable that under even lower concentrations, such as 1 or 0.1 nmol/L, the internalization difference between BL22 and FMC63(Fv)-PE38 will be even greater. This offers some explanation for the huge disparity between IC 50 of the two ITs, which are in the low nmol/L range (1 nmol/L; IT, 67 ng/mL).
The majority of BL22 internalization occurs within 15 minutes, which means that CD22 rapidly transports CD22/BL22 complex from the cell membrane. More importantly, CD22 can carry much more BL22 (>200-300%) than the amount initially bound on cell surface (100%). Nascent CD22 contributes little to this process because inhibition of CD22 synthesis by cycloheximide did not significantly decrease the amount of internalized BL22, although treatment with cycloheximide decreases cell surface CD22 level. One possible reason is that surface CD22 is continuously undergoing endocytosis (34) . Without newly synthesized CD22 as a supplement, the cell surface CD22 level decreases over time. But the rate of spontaneous CD22 endocytosis is much slower than that of the CD22/BL22 complex.
CD22 expression has been reported on cell membrane and in cytoplasm (45) (46) (47) . Our study showed that the intracellular CD22 reservoir contributes to BL22 internalization, suggesting that once surface CD22 and BL22 form a complex, the intracelluar CD22 moves quickly to the cell surface and binds additional BL22. This is consistent with a similar report that crosslinking surface IgM or treatment with phosphotyrosine phosphatase inhibitor induces rapid movement of intracellular CD22 to the cell surface (48) . Figure 3B shows that the cell surface CD22 decreases continuously even with the existence of a large pool of intracellular CD22. This suggests that intracellular CD22 is sequestered inside the cell and only moves to cell surface after stimulation (either by mAb or IT). The underlying mechanism is not yet understood.
Whether CD22 is able to be recycled back to the cell surface is controversial. Shan and Press (34) suggested that the constitutive endocytosis of CD22 was terminal, leading to degradation of CD22 with a half-life of 8 hours without recycling to the cell surface in human B-cell lines. Using CD22-transfected Chinese hamster ovary cells, Tateno and colleagues (49) showed that recycling of CD22 from the intracellular pool is possible, although the rate may be slow. Our data (Table 2) indicates that intracellular CD22 contributes to the transportation of BL22 and RFB4 mAb. KEMI cells have the slowest internalization and the least intracellular CD22. It is unlikely that recycled CD22 is involved in the internalization because the amount of internalized RFB4 is roughly equal to surface CD22 plus the decrease of intracellular CD22. Transferrin receptor (TfR) has been shown to be able to internalize two to four times the number of cell surface-bound anti-TfR ITs into cells, and these ITs showed potent cytotoxicity (37) . TfR is known for its recycling ability, and intracellular pool, thus may share a similar mechanism as intracellular CD22 used to internalize large amount of ITs.
Overall, our results showed that the rapid internalization of large amounts of BL22 makes CD22 a superior therapeutic target as compared with CD19. Intracellular CD22 plays an important role in this process and moves rapidly to the cell surface. To develop therapeutics agents targeting CD19 more efficiently, it is important to identify the subtype of malignant cells with better capability to internalize anti-CD19 ITs. It was recently shown that CD21 expression decreases the internalization of anti-CD19 mAbs (50) ; thus, the CD21 À and CD21 low malignant cells may be better targets for anti-CD19 therapy. Also the anti-CD19 mAb (CB19) is internalized more quickly than other anti-CD19 mAbs (50) . Whether the 2-to 3-fold increased internalization can result in significant enhanced cytotoxicity will need further investigation. 
